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ABSTRACT 

Targets of graphite, melamine and water were bombarded with 87- 
MeV electrons froti the Naval Postgraduate School linear accelerator 
in order to investigate the production of the unstable nuclei Be , 
or 0^^ from the electromagnetic disintegration of carbon, 

7 

nitrogen and ojQ^gen. The Be fragments were detected by observing 

7 

the 477-KeV gamma ray from the daughter nucleus Li . The other dis- 
integration fragments were detected by the annihilation of the emitted 
positrons which produced 511-KeV photons. A copper radiator was 
introduced in one-half of the bombardments of each type of nucleus 
in order to separate the electron and photon effects. 

Unstable nuclei were detected as products from all three 
bombarded nuclei, with electrodisintegration cross sections ranging 
from 29.4 yb for carbon to 0.29 yb for ojQ^gen. The activity 
resulted from bombardment of both melamine and water, yielding cross 
sections of 9.43 yb and 0.58 yb for nitrogen and oxygen, respectively. 

, Oxygen has an electrodisintegration cross section of 21.8 yb for 

15 ... 

production of 0 . Integrated photodisintegration cross sections 

were found to be 40 to 50 times the above values for the same targets 
and decay fragments. 
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I. INTRODUCTION 



In attempting to refine the information necessary to better under- 
stand nuclear structure and nuclear interactions we have carried out 
an experiment to measxire the total cross sections for the photo- 
disintegration and electrodisintegration processes in carbon, nitrogen 
and oxygen which produce radioactive fragments of Be^, or 

The distributions of certain emitted light charged particles 
have been measured previously by several experimenters [1,2] and seme, 
using mainly nuclear emulsions [3] , have produced information on the 
distributions of all the emitted fragments from certain disintegration 
processes. But measxirement of the heavy fragments is difficult since 
they are unable to escape the target itself and hence are not directly 
detectable by counters. Other laboratory groups have measured end- 
product radioactivity resulting from the bcmt>ardment of selected 
nuclei [4,5]. Using this technique, one group [6] has presented data 
on the interactions that we have attempted to measure. By using dif- 
ferent target configurations and counting devices and making the analysis 
with the aid of an expanded oomputo: program, we hope to add to the avail- 
able information on this subject. 

The interactions v^ich can lead to the various unstable disintegration 

fragments in this experiment are, of course, manifold. Only those proc- 

12 11 

esses in vdiich a single neutron is ardtted, viz., C (e,e'n)C , 
N^^(e,e'n)N^^, or 0^^ (e,e'n)0^^, or the equivalent photodisintegration 

processes have a unique path of occunrence. All the other interactions, 

7 

as, for example, the production of Be from C, N, or O, or even the 
production of from N or O, have several different possible channels 
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available. It is thus meaningless to atterpt to 'determine which process 
actually led to a given end-product. Nevertheless, knowledge of the 
total cross-section for production of a given fragment may ultimately 
prove useful in testing the validity of the partial cross-section 
determined by other methods or predicted by theory. 

The disintegration fragments of interest in this experiment decay 
either by position emission or else by electron capture. In the former 
category are the nuclei which decay by the follcwing schones: 

+ a'*' + V (0.96 MeV) , 

^ ^13 ^ ^ ^ ^ 

0^^ + 3*'' + V (1.74 MeV) , 

in v^ich the energies indicated are the maximum energies of the 3"^ 
emission spectrum for each process. Follcwing each of these decays, 
the positron ultimately annihilates with an electron. Two detectable 
511-KeV annihilation photons then appear. 

7 

On the other hand, the Be decays by electron capture to the 

7 7 

daughter nucleus Li . In 10.32 percent of the decays the Li is left 

in its first excited state frcm which it imnediately decays, onitting 

a 477-KeV gamma. These decay processes occur as shewn belcw: 

e + Be^ -> Li^ + v (89.68%) 

or 

e“ + Be^ -> Li^* + v (10.32%). 

L '7 

U- Li + Y 

The measuronents of activity made in this experiment involved 
counting the gammas that occurred as secondary radiations following 
each primary process. The activity involved in the primary process 

can then be determined since the branching ratios for the complete 
decay reactions are known. 
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II. EXPERIMENTAL DETAILS 



A. TEE ACCELERATOR 

The Naval Postgraduate School Linear Accelerator was used as the 

source of bcmbarding electrons « The electrons had an average energy 

. . 12 

of 87-MeV and an average intensity of 7.9 x 10 electrons/sec in a 
beam 5/16 inches in diameter at the target. The neutrons and broms- 
strahlung photons produced in the accelerator structure were separated 
frcm the electrons by two deflection magnets, each bending the beam 
30 degrees in a horizontal plane, making a total deflection of 60 
degrees fron the initial axis of the beam. Primary electron energy 
was selected by the proper choice of current in the deflection magnets 
used to bend the beam. A 1 percent uncertainty in the electron energy, 
determined by the width of slits following the first deflection magnet, 
prevailed throughout the ej^)eriment. 

During the bonbardment a secondary emission monitor was utilized 
after focusing of the beam but before bombardment of the target. The 
monitor current charged a capacitor of known capacitance. The capacitor 
voltage was measured by an integrator circuit vdiich gave the total 
electron current passing through the monitor. The monitor efficiency 
was 0.05, known to an accuracy of 10 percent. Fluctuations in the beam 
were recorded by a strip-chart recorder vdiich shewed the beam current 
to be essentially constant during actual bombardments. To assist the 
accelerator operator in steering the beam a zinc sulfide screen was 
used irtmediately in front of the target. By remote television the 
operator could observe the beam spot and keep it centered on the center 
of the target. 
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B. TARGET MATERIALS 



The three target materials used in this experiment were distilled 
water/ carbon/ and melamine. The melamine pcwdeT/ C^H^Ng/ has a 
molecular weight of 126.1 grams per mole. The powder was compressed 
into discs 1.004 inches in diameter having various thicknesses and 
a mean density of 0.814 grams/cm . Each disc was irradiated coaxially 
with the beam axis. The disc was held in place by a ^ort length of 
aluminum tube which did not interfere with the electron beam. 

Upon completion of the bombardment the melamine discs were renoved 
from the holder and placed in a polyethylene bott3e with an inside 
diameter of 1.203 inches fitted with a separate polyethylene collar to 
hold the disc immobile. The bottle was then capped and marked to 
insure accurate repositioning during subsequent countings. 

The distilled water was bombarded in an aluminum alloy (type 6061) 
holder. The water was in a configuration 0.75 inches wide/ 0.75 inches 
high/ and 0.26 inches thick in the direction of the beam (Fig. 1). The 
water was not degassed prior to irradiation. No cooling of either 
water or melamine targets was attonpted; no loss of water or melamine 
was observed. 

The water samples after bombardment were first treated with crystals 
of prior to removal from the target container. This was done to 

7 

allow a more complete transfer of Be by effecting an exchange between 
9 . 7 

the Be ions and the radioactive Be adsorbed to the container walls. 

The polyethylene bottle used for the water (and the carbon) sairples 
had an inside diameter of 0.980 inches and a wall thickness of 0.047 
inches . 

Accompanying the desired projectiles in an electron machine/ one 
finds unavoidable bremsstrahlung photons which are produced in all 
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Fig. 1 Water Target Details 
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materials through which the high energy electron beam passes. In this 
experiment the following items were bransstrahlung producers: the 

window of the electron beam tube and the foils of the secondary-ardssion 
monitor, 0.152 run of alrjrninum; the air between the end of the vacuum 
pipe and the target, 25.4 cm; a ZnS layer, 0.061 mm deposited on an 
aluminum foil, 0.058 rrm; the water container, 0.367 mm of type 6061 
aluminum alloy. 

The material thicknesses, converted into units of radiation length, 
are shewn in Table I. Those targets with a value listed in column two 
had an additional radiator of oxygen-free, high-coiductivity copper, 

0.792 mn thick, mounted 6.3 mm in front of the melamine or carbon targets 
or imnediately in front of the water target. 

TABLE I 

RADIATING MATERIAL THICKNESS 



All thicknesses are in units of radiation lengths 



Sample 


Copper 

Radiator 


Target 

Holder 

Wall 


1/2 Target 
Body 


Other 

Material 


TOTAL 


Carbon-2 


0.05500 


- 


0.00945 


0.00491 


0.06936 


Carbon-3 


Out 


- 


0.00945 


0.00491 


0.01436 


Melamine-6 


0.05500 


- 


0.00990 


0.00491 


0.06981 


Melamine- 7 


0.05500 


- 


0.00990 


0.00491 


0.06981 


Melamine- 8 


Out 


- 


0.01030 


0.00491 


0.01521 


Melamine-10 


Out 


- 


0.01040 


0.00491 


0.01531 


Melamine-11 


Out 


- 


0.01050 


0.00491 


0.01541 


Water-4 


0.05500 


0.00415 


0.00923 


0.00491 


0.07329 


Water- 5 


Out 


0. 00415 


0.00923 


0.00491 


0.01829 
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Table II below lists the porimary electron energy E^, the total 
irradiation time, and accumulated charge for each sample bombarded 
in the experiment. 



TABLE II 

BOyEARnyENT DATA 



Sample 


Electron 
Energy (MeV) 


Irradiation 
Time (sec) 


Total Charge 
(u couloribs) 


Carbon- 2 


85.5 


600 


50 


Carbon- 3 


85.5 


240 


48 


Melamine- 6 


88.3 


10800 


21100 


Melamine-7 


88.0 


60 


122 


Melamine- 8 


88.0 


60 


148 


Melamine- 10 


85.5 


6472 


1100 


Melamine-11 


90.0 


33680 


4200 


Water- 4 


80.0 


1980 


3620 


Water- 5 


90.0 


2100 


3960 



C. COUNTING EQUIPMENT 

The actual sample counting occurred in a counter-house constructed 
of standard 2 x 4 x 8-inch lead bricks v\Aiich were stacked to fom a 
wall thickness of 4 inches. The inside well was 32 x 32 inches in 
cross section by 31 1/2 inches high. An 8 x 8 inch access port in 
the top was covered by an 4-inch thick lead cap during counting. 
Mounted above the center of the aluminum sheet that covered the in- 
side floor of the counter-house was the scintillation crystal-photo 
multiplier tube counter unit. The crystal face pointed upward at a 
distance of 15 1/2 inches frcm the floor of the well. The counter 
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was thus approximately at the center of the radiation shield. During 
counting the polyethylene sample bottle was suj^rted above the counter 
on a holder made of lucite. The bottom of the bottle was nearly in 
direct contact with the crystal face# an arrangement vhich provided 
the maximum counting efficiency. 

Figure 2 shews a block diagram of the electronic components used 
in the experiment. The counter was a Harshaw type 12S12 "Integral Line" 
assonbly which consists of a 3-inch diameter Nal (Tl) crystal 3 inches 
long coupled to an RCA t/pe 8054 photomultiplier tube. Gain and volt- 
age stability ejqjeriments determined the over-all stability to be 
approximately 5 percent. 

The amplifier gain setting procedure was determined as follows. 

The tube high voltage was set at 1100 volts# the anplifier gain was 
adjusted so that the 662-KeV pliotopeak maximum of the cesium spectrum 
fell in channel 264 of the 400-channel pulse-height analyzer. The 511- 
KeV positron annihilation peak would then fall in channel 204. Pulses 
from a mercury-switch pulser were applied at the amplifier input 
terminals and adjusted in height so as to appear in channel 151 of 
the analyzer. The integral discriminator of the Ortec Model 420 Single 
Channel Analyzer was then adjusted to just cut off these pulses in 
channel 151. This occurred for a discriminator setting of 3.02 volts. 

On the other hand# a discriminator setting of 5.28 volts would cut 
off all pulses below the maximum point of the cesium peak. By using a 
small cesium calibration source together with the above discriminator 
setting we measured the cesium activity to be approximately 1000 counts 
in 5/3 seconds when the gain parameters were properly set. A small 
change in either amplifier gain or photcmultiplier voltage would greatly 
change the number of counts from the cesium source that would be registered. 
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Fig. 2 Block Diagram of Counting Circuits 



A calibration using as the cesium source a small amount of CsCl 
on a copper disc was made prior to each counting period and was 
accomplished as follows. The high voltage was set at 1100 volts and 
the discriminator of the Ortec Single Channel Analyzer was set at 5.28 
volts. The Ortec Linear Anplifier was then adjusted until 1000 counts 
in 5/3 seconds were registered on the Ortec Scaler. Figure 3 shows 
that this combination of parameters is quite sensitive to changes in 
gain. 

Throughout the whole ejq^eriment we used a discriminator setting 
of 3.02 volts on the single channel analyzer for all actual counting. 

This setting cut off all pulses below channel 151 in the pulse-height 

7 

analyzer, v^ereas the Be 477-KeV photopeak maximum falls in channel 
191. Those pulses which survived the discriminator selection were 
counted into successive channels of the Victoreen analyzer used in its 
multi-channel scaling mode. The dwelling time in each channel was 
established by the Ortec Model 431B Scaler-Timer and an associated 
channel advance circuit. Using this systan, we were able to obtain 
the time-dependence of the activity of a given source. 

The overall counting systan is a paralyzable one with a dead-time 
of approximately 1.6 y seconds when the 400-channel analyzer is operated 
in the multichannel scaling mode. Actual measuranents made by using 
the two-source method yielded larger values for the dead- time. However, 
the lower values of 1.6 ysec gave a better fit to the decay curves and 
thus was adopted as the correct value to be used for dead-time corrections 
throughout the experiment. 
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Discriminator 5.28 Volts 
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Fig^ 3 Plot of Counts vs Gain 



III. DATA REDUCTION 



A. y tetd of disintegration FRAOyENrS 

The two main processes by V\iiich radioactive fragments were formed 
were interaction with the nucleus by the electrons themselves or by 
real bremsstrahlung photons which accompanied them. To separate these 
two processes we irradiated two samples of each material, one with 
a oDpper radiator and one without it, and then subtracted one result 
from the other. 

If the photon produced as brans strahlung fron an electron that has 
passed through one radiation length of material falls on a target of 
one atom per unit area, a certain number of radioactive nuclei are 
produced. This "photoyield" is expressed as 



the photodisintegration process, $(E^,Z,k)dk is the number of photons 
produced in one radiation length of material with energy between k and k + 
dk, i.e., the bremsstrahlxmg number spectrum. 

Interactions between the target nucleus and the electranagnetic field 
of the electron itself give a yield that is numerically equal to the 
electrodisintegration cross section. This can be expressed as 



\4iere E^ is the electron energy and Y^(E^) is the yield fron a target 
of one nucleus per \mit area. 




( 1 ) 





( 2 ) 
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During the bonbardment the rate of change of the number of radio- 



active nuclei is equal to the sum of the production due to electro- 
magnetic interactions plus the production due to photo interaction 
minus the rate of decay of the produced nuclei. This gives the fol- 



lowing expression for the rate of change 



^ = NT [a^(E ) + X 
dt e o 



/, 



0 ^ (E^) $ (E^,Z ,k)dk] I (t) - An. 



(3) 



■^th 



In this expression N is the number of a tans per cubic centimeter, T 
is the target thickness in centimeters, X is the total thickness in 
radiation lengths of material penetrated by the electron before 
inpinging on the target nucleus, I (t) is the intensity in electrons 
per second of the electron beam as a function of time, X is the decay 
constant of the radioactive nuclei, and n is the number of radioactive 
nuclei present in the target at any one time. 

Conbining equations (1) , (2) , and (3) we obtain the following 
equation. 



^ + Xn = NT [Y^(E ) + XY^ (E )]I(t) . (4) 

dt e o Y o 

To allow for the differing shapes of the bransstrahlung spectra 
^>(E^,Z,k) due to the different radiating materials traversed by the 
beam, the last tern in the brackets in equation (4) should be rep- 
resented by the sum 



XY (E ) = Z X.Y .(E). (5) 

Y o ^ 1 Yi o 

Comparison of the two extremes of radiator materials encountered, 
hydrogen and copper, shows at most a ten percent difference between 
comparable points on the photon number spectrum. If the photoyield 
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integral for copper is taken to be appropriate foi: the yields of 
all other materials as well, the total error made by this will be 
less than ten percent when the cross section is properly folded in. 
Therefore, the right side of equation (5) reduces to a sum over 
radiation thicknesses of all materials in the beam multiplying 
the photoyield due to photons frcm copper, Y^. 

Multiplying equation (4) by the integrating factor e^^ and 
integrating over time, we obtain the number of radioactive nuclei 
at the time x that the irradiation ceased, 

T 

n(t) =NT[Y^(E^) +XY^(E^)] J I (t)e"^ ^’^"‘‘^^dt. (6) 

o 

Considering the nucleus to decay by one mode only, one obtains 
the activity at time x in the form 



A(x) = = An(x) 



(7) 



or 

A = XNT [Y (E ) + XY (E )] f I (t) e"^ dt. (8) 

o e o Y o I 

o 

One then finds the total yield per electron for a beam passing through 
material of total thickness X radiation lengths followed by a target 
containing one aton per unit area to be 



Y (E ) + XY (E ) = 
e o Y o 



XNT ^^dt 

J 



= R. 



(9) 



In this expression all quantities on the right can be directly measured 
in the laboratory. 

The total yield for irradiations made yiile using an additional 
copper radiator is 



Y (E ) + (X . + X ) Y (E ) = R. . 
e o J r r o 1 



( 10 ) 
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without the radiator the total yield is 

^ ^ 2 - 'll) 

In these expressions is the radiation thickness of the copper radiator 
and Xj is that of all other material placed in advance of the target. 
Subtracting equation (11) fran equation (10) one finds 



X Y (E^) = - R_ 

r Y o 1 2 



(12) 



Rather than attempting the process of unfolding the bremsstrahlung 
spectrum to determine exactly which photon produced vAiat interaction 
and then solving for a (k) , we conputed an average cross section, 



a (E ) defined as follows 
a o E 



/ 



a o 



a (k)$(E ,Z,k)dk 
r. Y o' ' ' 

^th 



(13) 



-1 r ° 

E^ j k$(E^,Z,k)dk 



o 

The numerator in equation (13) is equal to (E^) ; the denominator gives 
an "equivalent number" of photons of energy E^ produced in the radiating 
material. The denominator was obtained by developing the average brems- 
strahlung energy produced when an electron passes through one radiation 
length of material. 

Combining equations (1) , (12) , and (13) gives the photodisintegration 
cross section per equivalent photon in terms of measured quantities in 
the form 



a 

a 



<V 



E (R 
o 



1 





k<f(E ,Z,k)dk 
o 



(14) 
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Using equations (11) and (12) we can also calculate the electro- 
disintegration cross section o^(E^)’ in terms only of measurable 
quantities as follows; 



a 

e 



(Eq) ^ Y^(E^) = R 



2 



^ ^^1 ■* ^ 2 ^ * 



( 15 ) 



B. THE BREMSSTRAHLUNG SPECTRUM 

A known amount of bremsstrahlung was product from the radiators 
already mentioned. With the exception of a small amount at about 30 
centimeters, most of the radiating material was relatively close to 
the target. Considering that the mean angle of onission of brens- 



strahlung is 



m c 
o 



E 



as discussed by Heitler [7] , it is reasonable to 



assume that essentially all the bremsstrahlung passed through the 

target since our mean angle of emission was 0.34 degrees. 

da j 

The differential bremsstrahlung cross section — of Koch 
and Motz [8] , modified to include the scattering effect of the atomic 
electrons, was used in our calculations as follows; 



da 






$(E^,Z,k) 



(16) 



where 



Y = 



100 m c k 
o 



EE Z 
O 



1/3 



(17) 



For 0 < Y < 2 the bronsstrahlung number spectrum is expressed as 



<l>(E^,Z,k) 



k£n(183Z ^^^) 



1 + 



'^l(Y) 



£nZ 



3E 






£nZ 



( 18 ) 
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For 2 < Y < 15 



4>(E^,Z,k) 



1 

k£n(183z“^^^) 





2E 

3E 

o 



2kf: 

An — 

km c 
o 




(19) 



In these equations y is the screening parameter; c is a parameter to 

2 

include brensstrahlung from atonic electrons; r = — the classical 

o 

me 

electron radius; and E = - k, the final scattered electron energy. 

Values of the functions 4 >j^(y) / were taken fron the’ work 

' of Koch and Motz [8] . Since the radiation length of a material of 
atonic number Z and atomic weight A is 



X = 



13 7A 

4N Z(Z + C)r ^ An(183Z 
o o 



(20) 



we can write the bremsstrahlung production cross section as 



da 



dk 



rad 1 A . 1 \ 

— = 5T 

o o 



(21) 



Considering an electron of energy E^ passing through a radiator of 
thickness T cemposed of N atons per unit volume, we find that the number 
of photons produced with energy between k and k + dk can be expressed as 



m dk = X <I>(E^,Z,k)dk, (22) 

*^^o dT 

in which N = and X = ^ . The values used for the radiation lengths 

A X 

O 

X^ were those given by Be'the and Askin [9] . For the principal radiators 
used in this experiment the constituent atonic materials have radiation 
lengths as follows: 
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Material 



X^(g/an^) Material ' X^(g/cjn^) 



Copper 


12.8 


Air 


36.5 


Aluminum 


23.9 


Water 


35.9 


Carbon 


42.5 


Melamine 


40.2 


Hydrogen 


58.0 







C. THICKNESS OF THE EQUIVALENT RADIATOR 



For certain purposes we may define an equivalent radiation thickness 
X^ as that thickness of radiator material sufficient to produce enough 
real photons to give the same disintegration yield in the target as that 
produced by the electrons themselves. This is a convenient parameter 
to ccmpare the disintegration effects of the virtual photons of the 
electron field with the effects of real brensstrahlung photons. 

The electrodisintegration yield can new be defined as 

Y^(E^) = / o^(k) «^(E^,Z,k)dk. (23) 



which, except for the factor X^, is identical to equation (1) . Coribining 
equation (11 ) , (12 ) , and (23) the equivalent thickness can be defined, 
in terms of the measurable quantities, as 



X = 
e 




(24) 



where X^ is the radiation thickness of all the material placed in advance 
of the target. 



D. SEPARATION TECHNIQUE FOR MELAMINE 

. 7 11 

Since both nitrogen and carbon can disintegrate either to Be or C , 

a subtraction technique is necessary for melamine targets. If the dis- 
integration cross section for the melamine molecule can be defined as 
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the sun of the cross sections for disintegration of the constituent 
atons, then the expression for the nitrogen cross section for either 
photo- or electrodisintegration is: 



a = i (a , - 3a ) 
n 6 mel c 



(25) 



viiere is the appropriate cross section for the melamine molecule 

and a is the cross section for the carbon atom, 
c 



E. CALCULATION OF ACTIVITY 

Due to distance and time factors the activity at the time the 
irradiation ceased must be based on activity measurements made at later 
times. The raw activities obtained as a function of time were used as 
input data for the computer program FRANTIC originally written by 
Rogers [10] but modified for use with the Naval Postgraduate School IBM 
360 computer. Because of the characteristics of our counting circuits 
at high counting rates, the program was further modified to incorporate 
a paralyzable circuit dead-time correction and a correction for pileup 
of pulses. The program fits exponential decay curves to the corrected 
activity data by the method of least squares. It was utilized both in 
radionuclide identification and in calculation of activities at beam- 
off time. Output parameters consist of the initial decay rates of the 
identified components or of the decay constants of the unknown ccmponents 
or both. 



F. PILEUP 

A possible inaccuracy in count rate determination results when pulses 
pile onto each other. The error occurs when one pulse is followed so 
closely by a second pulse that it adds positively or negatively to the 
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primary pulse . The resulting summation pulse is' then counted or 
rejected v^en it should not be. If this situation were not accounted 
for the counting results would be in error by as much as 4 percent at 
the higher count rates in our experiment. 

In our system the main amplifier pulses are bipolar, with a positive 
leading portion of 1,5 microsecond duration followed by a negative part 
lasting about 6 microseconds. There are then three distinct cases to be 
considered. The first case occurs when the positive portion of the 
second pulse adds to the positive portion of the primary pulse to form 
a pulse that is above the discriminator setting E. If each separate 
pulse is below E then the summation pulse would be incorrectly counted. 
Considering the first case "upward pileup" then the second example should 
be called "downward pileup". It occurs v^en the second pulse falls with 
its maximum in the trough of the first pulse. If the maximum of the 
second pulse alone were just above the level of the discriminator then 
the result would be that the second pulse would not be counted V\^en it 
should have been. The third possibility is more a ccmbination of the 
others than a completely separate case. In this example the second 
pulse may add to either the positive or the negative part of the primary 
pulse. If both pulses are above E then there is a conventional dead- 
time loss to be corrected for. If only one of the pulses is greater than 
E and the pulses add positively, there is then no loss. If the second 
pulse is greater than E but falls into the negative ti”Ough of the first 
pulse, there may be downward pileup. 

The correction to be applied for pileup was calculated in the fol- 

lowing fashion. Suppose there are n counts per second of all pulse 

heights falling on the coimter. The probability that any interval between 

two successive pulses will have a length between t^ and tj^ (where 
can then be shewn to be 
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Prob(t) = e a _ 



-nt_ 



(26) 



The total number of intervals that lie between t^ and tj^ is therefore 



-nt 

n Prcb (t) = n (e - e , 



(27) 



Out of the total spectrum of pulses, however, we are only interested in 
those pairs of pulses that can contribute to either upward or downward 
pileup. We must determine how many intervals there are in which a pulse 
in a given analyzer channel j follows one in channel i. The number of 
times this occurs each second is just n^n^/n, vdiere n^ and n^ are the 
count rates in channels i and j , respectively. Finally, the number of 
times each second that a pulse in channel j follows one in channel i 
and has a time separation between t^ and t^^ is 



n.n . 



n..(i->j int <t< t. ) = -i-3- (e 
i:] a D n 



-nt, 



a 

-e ) . 



(28) 



This number of pulse pairs may then result in either upward pileup 
(if i + j) > 151 and i <151, j < 151) or downward pileup (if j > 151 
and i has a sufficiently large value) . To make the necessairy calculations 
we considered all possible displacements of the second pulse j relative 
to the first pulse i for intervals ranging frcm 0 to 7.5 microseconds. 

We divided this interval into equal increments of width 0.1 microseconds 
and calculated the pulse voltage for each of 75 time increments for each 
pulse pair i and j . If a given pair of pulse types i and j could give 
upward pileup, there would exist a range of times t of pulse separation, 
vhere < t < tj^ , during vhich such pileup could occur . To determine 
how many upward pileup events would occur we merely needed to apply the 
appropriate times t^ and tj^ in equation (28) . A similar procedure 
could be followed in principle for downward pileup. 
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In actual practice/ the lEM 360 canputer was used to sort out all 
the pairs of channels which could give pileup of a given kind, to 
determine the time interval during vhich this could occur, and to 
determine the net loss of counts for a given pulse-height distribution. 
This was done for various values of the true count rate n, thus giving 
a table of pileup corrections as a function of true count rate. These 
corrections were then applied to the raw activities determined in the 
experiment. 

G. RADIONUCLIDE IDENTIFICATION 

In attempting to expand and extend the work of earlier experimenters 
we attonpted to identify C^^, Be^, N^^ and 0^^. We relied mainly on 
half-life measurements and confirmed the absence of other than the 511- 

7 

KeV positron-annihilation photons or the 477-KeV Li gamma rays by 
pulse height analysis. Experience had shewn that long bembardment 
times tended to swamp our counting systen. In order to search for 
those fragments with shorter half-lives we kept our bembardment times 

relatively short. With the exception of those extended bombardments 

... .7 

specifically designed to obtain Be as a product, we did not observe 

7 . . . 13 11 

Be in any appreciable quantities. Both N and C were observed in 

13 

several of the melamine targets after bombardment. The fact that N 

was not observed in all melamine runs is attributed to the unavoidable 

time delay between the end of bembardment and the start of counting. 

15 . 

The identification of 0 was incontrovertible in the one water ir- 
radiation. Nevertheless, the precision of the determination of the 
15 

0 activity was not great because of the long delay before the sample 
could be counted. 
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H. POSITRON ESCAPE 



The positron-anitters constituted the major portion of the 
activities measured in the experiment. In order to determine the 
absolute number of such radioactive nuclei formed during the bcmbard- 
ment one needs to know what fraction of the positrons escape from 
the source without being annihilated, i.e., without the activity 
being detected. 

We made an estimate of the s'*" escape fraction by assuming the 
escape probability to have an exponential form. Thus the fraction 
of positrons that would escape thirough a thickness x of material 
would be given by 



n - \ix 

— = e , 
n 
o 



(29) 



if there were n^ positrons is the original beam. The validity of this 
expression hinges on the continuous nature of the original positron 
energy spectrum, as discussed on page 627 of Evans [12] . The capture 
constant jj is found empirically from the expression 



jj 

P 



17 



1.14 



E 



(30) 



m 

2 

where p is the density of the absorber. This gives y/p in cm /gm of Al 
if the energy maximum of the beta spectrum, E^, is given in MeV. Since 
the form of equation (30) is not strongly dependent on the atomic number 
of the absorber, we considered the expression also valid for the materials 
present in our sources. 

The actual calculation that was made involved integration of the 
escape probability in equation (29) over the active volume of the source, 
with X taken as the minimum distance to the nearest free surface. Since 
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this procedure would over-estimate the total escape probability, we 
reduced the estimated loss fraction by a factor of two. The results 
for the various samples and positron-emitters are shown in the last 
three columns of Table III below. The factors f represent the 

P 

fraction of the positrons viiich do not escape. 



TABLE III 

CORRECTION FACTORS 



Target 


Efficiency 

e 


Absorption 

S 


Peak 

f 






■ e 




il 




Carbon-2 


0.2774 


0.941 


0.945 


0.983 


— 


— 


Carbon-3 


0.2775 


0.941 


.945 


.983 


— 


— 


Melamine-6 


0.2687 


0.937 


.948 


.987 


0.976 


— 


Melamine-7 


0.2606 


0.941 


.946 


.987 


.976 


— 


Melamine-8 


0.2589 


0.940 


.946 


.987 


.976 


— 


Melamine-10 


0.2591 


0.940 


.946 


.987 


.976 


— 


Melamine-11 


0.2599 


0.939 


.947 


.987 


.976 


— 


Water-4 


0.2394 


0.940 


.946 


.987 


.977 


0.954 


Water-5 


0.1742 


0.912 


.951 


.987 


.987 


.973 



I. EFFICIENCY OF COUNTING 

The efficiency of the counter was determined theoretically in a way 
described in detail by Heath [11] and extended by Lusk and Panykal [6] . 
The calculation involves determining the solid angle subtended by the 
Nal crystal at each active point of the source. If a photon is emitted 
in a given direction within this solid angle, it will have a probability 



p. ^ = 1 - e 
^int 



-Td 



(31) 
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of having any kind of interaction soiTiev\^ere along its path of length 
d within the cirystal. The factor t is the linear absorption coefficient 
for Nal. The total efficiency of the counter is then the integral of 
this interaction probability over the v^ole solid angle subtended by 
the counter at each source point and over the active volume of the 
source sample. 

The resultant five-fold integral gives a measure of the fraction 
of all emitted photons which will cause a pulse of any magnitude to 
appear in the counting circuits. We evaluated the efficiency integrals 
for each source by using Simpson's integration procedures on the IBM 
360 computer, taking the coefficient t from the work of White [13] . 

The resulting efficiencies e for the 511-KeV annihilation radiation 
are shown in column 2 of Table III. 

J. ABSORPTION OF PHOTONS 

Photons emitted within the volume of the source in a direction lying 
within the detector solid angle may still not reach the Nal crystal. In 
passing through the source material the photon may be absorbed entirely 
in a photoelectric process or else may be scattered away from the crystal 
by a Conpton collision. In addition, the photon may be scattered in a 
direction in v\^ich it still reaches the detector but has too little 
energy to be counted over the discriminator. 

To calculate the absorption losses we extended the efficiency integral 
calculations to include the effect of scatters or absorptions in all the 
materials through which the photon had to pass before reaching the crystal 
itself. Specifically, we did this by using in the efficiency integral 
the factor exp multiplying the right side of equation (31) . This 

factor gives the probability that the photon will survive without 
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interaction when it passes through a length A of 'material for which 
the linear absorption coefficient is The modified efficiency 

integral will then give a value for the product Se, vAiere S is the 
fraction of photons that survive transit through the medium and are 
detectable above the discriminator. If e is known, then S can be 
determined separately. 

In 1he experiment the discriminator was set to cut off pulses fran 
photons with energy below 378 KeV. This is the energy reriaining to a 
511-KeV photon v^ich undergoes a Ccmpton scatter through an angle of 
43®. The coefficient t should then give the probability of scatter 
to angles larger than 43® or of photoelectric absorption in passing 
through a unit length of material. The photon would be lost to count- 
ing in either process. In practice we obtained t by integrating the 
Klein-Nishina differential cross section for Ccmpton scattering. We 
did this twice for each sample, finding the total cross section for 
scatter to any angle 0 < 0 < 180® as well as the cross section for 
scatter within the range 43® < 0 < 180® . The difference between these 
two cross sections would, of course, be the cross section for scatter 
to an angle less than 43® . 

The modified efficiency integrals were then calculated using those 

values of x corresponding, respectively, to scattering to angles 0 < 43® 
s 

and to any scattering angle at all, 0 > 0. The values of the absorption 

factor s given in column 3 of Table III were found using the former value 

of X , appropriate for scatter to angles greater than 43®; we write it 
s 

S(> 43®) . 

Those photons v^ich scatter less than 43® may also be removed if 
they are scattered away frcm the crystal. However, other photons which 
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were originally directed outside the crystal solid angle may be 
scattered so as to enter the crystal. If this scatter is to any 
angle less than 43® the originally misdirected photons will also be 
counted. Fran the gecmetrical arrangement of our counter system, it 
is evident that these scatters toward the crystal will be at least 
as plentiful as the scatters away fron it. 

By using the difference between our two values for S we obtained 
a measure of the number of photons originally in the detector solid 
angle that were scattered through angles less than 43® . Since all the 
photons that would scatter away fron the detector at small angles were 
replaced by those scattering toward it, the difference in S, which we 
call S(< 43®) , provides the fraction of the total counts that were 
removed from the main photopeak by small-angle scatter. All of these 
woiold give voltage pulses lying above the discriminator and so would 
be counted. 

The pulse-height spectrum of a given positron-emitting source would 
then include a main photopeak essentially Gaussian in shape but with 
a low energy tail. In this tail lie the pulses from acceptable photons 
that were scattered to angles less than 43®. However, also in the tail 
are pulses fron photons that should never have reached the crystal at 
all but did so by scattering through a small angle in the source or 
surrounding structure. In addition, the tail contains pulses that are 
characteristic of the counting crystal itself: iodine escape peak 

pulses and pulses fron multiple Conpton scattering in the crystal with 
escape of seme radiation. These latter pulse types are present in unknown 
quantities in the spectrum for any given source. 
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To avoid calculations involving these pulse types appearing in 
unknown amounts, we used a technique of correction in which they 



were eliminated experimentally. We determined a pulse height spectrum 

for each source, subtracted the background spectrum, and obtained a 

total number of pulses that appeared above the discriminator (at 

channel 151) . We also obtained the number of pulses N'^ that would 

lie in the true photopeak (if there were no scattering or no peculiar 

crystal character) . Actually N'^ was obtained by fitting a Gaussian 

curve to the high-energy side of the photopeak. However, N' should 

P 

be altered to include those acceptable photons which were scattered 
to small angles. The true fhotopeak should thus contain a number of 
pulses given by the equation 



N' 

N = P 

P S(< 43®) 



(31) 



However, in the experiment we actually measured N^, the pulses above 
the discriminator. Since the number in the photopeak is the quantity 
of interest to us, we determined a correction factor. 



N N' 

f = _£= 2 

N^S(< 43®)' 



(32) 



from the pulse-height spectrum of each of the sources used. The number 
of pulses truly in the photopeak is then found by multiplying f times 
the number counted above the discriminator. Values of f for the various 
sources used are shown in column 4 of Table III. 



K. TOTAL OORRBCTION 

The experimental activities A'^ that we measured were actually counts 
per unit time of pulses with amplitude exceeding the discriminator setting. 
Only a fraction f of these lie in the photopeak. In addition, the 
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efficiency £ that we calculated gave a measure of the fraction of 
the emitted photons that would give any pulse in the counter# not 
just those above a minimum discrimination level. To utilize our 
efficiency calculation in the proper fashion# we must know what 
fraction P of pulses in the total spectrum will lie under the photo- 
peak. For this "peak to total ratio" P we used the values measured 
by Heath [11] for a point source in an arrangement with very good 

geometry. These values are 0.630 for the annihilation photons and 
7 

0.652 for Be emissions. 

Combining the various factors# we obtain a corrected activity 



fA ' 

A = 2_ 

o bSePf 

P 



(33) 



in terms of the various factors already discussed. The factor b in 

7 

the denominator is either the branching ratio 0.1032 for Be decay 
radiation or else is the factor 2 which accounts for the two photons 
which constitute the annihilation radiation. 
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IV. RESULTS 



Table IV belov sho^ several factors that enter into the calculation 
of the final results. The current integral listed is the integral in 

the denoninator of equation (9) multiplied by the decay constant X for 

. . 7 

the appropriate activity. The current integral for the Be activity, 

which was not listed, is very nearly the product of X and the total 
number of electrons that passed through the target. 

TABLE IV 

CALCULATION FACTORS 

Thickness 11 

NT Current Integral (10 el) 



Target 


(10^^ an"2) 






0 ^ 


Carbon-2 


4.025 


1.492 


— 


— 


Carbon- 3 


4.010 


1.579 


— 


— 


Melamine-6 


0.379 


121.9 


122.0 


— 


Melamine- 7 


0.380 


4.22 


8.49 


— 


Melamine- 8 


0.395 


5.13 


10.32 


— 


Melamine-10 


0.396 


1.03 


10.62 


— 


Melamine-11 


0.402 


7.78 


7.78 


— 


Water- 4 


2.215 


71.0 


88.3 


76.7 


Water- 5 


2,215 


81.6 


106.0 


117.6 



Table V shows the experimental data on v^ich the final results 
are based. The uncorrected activities A^' are the output values from 
the FRANTIC computer program. They have thus been corrected only for 
counting circuit deadtime losses and background. 
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TABLE V 



EXPERIMENTAL DATA 

Uncoinrected Activities A' 

o 



Target 


Be' 

(ct/sec) 


(lO^ct/s) 


(lO^ct/sec) 


0^^ 

(10 ^ct/sec) 


Carbon-2 


- 


2.75 


- 




Carbon-3 




1.12 




- 


Melamine-6 


55.7 


- 






Melamine-7 


- 


1.40 


2.30 


- 


Melamine- 8 


- 


.751 


1.21 




Melamine-10 


- 


2.26 






Melamine-11 


5.25 


- 






Water-4 


0.69 


0.572 


1.41 


4.57 


Water-5 





0.680 


0.47 





Tables VI, VII, VIII, and IX belcw show the total electrcniagnetic 
disintegration cross sections for formation of the various radioactive 
nuclei. The electrodisintegration cross sections were calculated 
frcm equation (15) . They have the usual significance. The photo- 
disintegration cross sections were calculated from equation (14) . 

The integral in the denominator of that equation, when divided by E^, 
gives the "equivalent number" of photons of energy E^ that are produced 
when an electron passes through one radiation length of matter. The 
cross section o thus measures the yield of a given product per 

3 . 

equivalent photon. In practice, we perfomed the integration over 
the bremsstrahlung energy spectrum with the IBM 360 computer. The 
equivalent number of photons produced in one radiation length obtained 
by this computation was very nearly 0.89 for all of the bonbardments . 
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TABLE VI 



TOTAL CROSS SECTIONS FOR FORMATION OF Be"^ 



Nucleus 


E^(MeV) 


0 (yb) 

a 


a^(yb) 


a /a 
a: e 


Nitrogen 


88.0 


10.9 


1.54 


7.1 


Oj<ygen 


80.0 


6 . 6 


0.13 






TABLE VII 

TOTAL CROSS SECTIONS FOR FORMATION OF C 
Nucleus E (MeV) a (yb) a (yb) 

O 3. 0 


11 


Carbon 


85.5 


1637 


29.36 


57.0 


Nitrogen 


88.0 


— 


— 


— 


Oxygen 


80.0 


13.9 


0.29 


— 


Oxygen 


90.0 


46.5 


.96 


— 






TABLE VIII 






TOTAL CROSS SECTIONS FOR FORMATION OF N^^ 


Nucleus 


E (MeV) 
o 


o (yb) 


o (yb) 
e 


a /a 
a' e 


Nitrogen 


88.0 


428 


9.43 


45.5 


Oxygen 


80.0 


27.7 


0.58 


— 


Oxygen 


90.0 


24.6 


0.51 
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TABLE IX 



TOTAL CROSS SECTIONS FOR FORMATION OF 0^^ 

Nucleus E (MeV) o (yb) a (yb) a /a 

_o _a _e a e 

Oxygen 80.0 1066 21.8 

We note in Tables VI through IX that the ratios a /a have been 

3 . 0 

stated only for those runs in which the data from the two radiator 
conditions ("in" and "out") were unambiguous. In measuring those 
processes for which the o/a entry was left blank, we found sane data 

3 0 

either missing or ambiguous. The separation of the cross sections 
into electrodisintegration and photodisintegration parts was then 
done on a purely theoretical basis. Only the sum of the photon and 
electron yields was experimentally determined. On the basis of the 
theoretical separation, the ratios o /o would, of course, be just 

3 0 

(X^ • No. of equiv. Photons) ^ = 48.5 

if X^ is given the theoretical value 10/137tt = 0.0232 radiation 
lengths . 

Table X lists values of the equivalent radiator thickness X^ for 
those experimental runs in which it could be unambiguously calculated. 
We see reasonable agreement with the theoretical value 10 a/ir found 
by comparing the transverse virtual photon field of the electron with 
the (transverse) field of the real photon. 
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TABLE X 



Nucleus 

Carbon 

Nitrogen 



EQUIVALENT RADIATOR THICKNESS 




Process 



0.032 



(radiation lengths) 

C^^ Process Process 

0.0198 



0.0248 



In view of the large probable errors involved in tliis experiment it 
would be surprising indeed to find close agreenent with other results 
already published. In an experiment measuring C^^ production fron 
carbon by means of 75-MeV brarisstrahlung. Barber [14] determined the 
photodisintegration cross section per equivalent photon to be 2460 
microbams. Our value of 1637 microbams, smaller than the Barber 
result by a factor of 1.5, still is in better agreenent with that re- 
sult than with the value of 823 microbams reported by Lusk and Ponykal 
[6] . On the other hand, oior ratio a /a is in much better agreement 
with the Lusk value than with the value of 14.4 reported by Barber. We 
should expect the larger values to prevail since they agree more nearly 
with current theory. 

In general, our C^^ results are higher than the results found by 
Lusk and Pcmykal, at some points by as much as a factor of 2, except 
in the case of nitrogen. Fran that nucleus we found no measurable C^^ 
that could be attributed explicitly to the nitrogen in the melamine 
molecule. All C^^ activity that we found can be attributed to the carbon 
present in the molecule. It is difficult to say whether this result 
cones from inaccurate assessment of the carbon cross section, whether 
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the absence is real, or else v^ether the produced C somehow escapes 
detection. Since the melamine occurs in solid (crystalline) form, 
it is very doubtful that any significant amount of will escape 
fran the crystal in which it originates. I^ch of the other alter- 
natives gives the proper explanation must yet be determined by further 
work. 

Of the other activities measured, our Be^ and cross sections 

are in reasonable agreonent with those determined by Lusk and Ponykal 

[6] at points where comparison can be made. Our value for the cross 

13 

section for production of N out of nitrogen, however, seems lew by 

a factor of about 3 in comparison with the results for single-neutron 

emission out of the neighboring nuclei of carbon and oxygen. Since 
11 13 

the C and N cross sections for nitrogen were c±>tained from the same 
bombardments of melamine, and since both are low, it seems likely that 
some error has entered the measurements of these activities. 

In summary, the present experiment has confirmed some of the results 
found by others, has shown some disagreement with other results, and 
has extended the measurements to energies and to processes not before 
investigated. The quantitative results still await refinorient in a 
more precise experiment. 
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with electrodisinteOTation cross sections ranging from 29.4 yb for carbon to 0.29 yb 
for oxygen. The N^^ activity resulted from bombardment of both melamine and water, 
yielding cross sections of 9.43 yb and 0.58 yb for nitrogen and oxygen, respectively. 
Oxygen has an electrodisintegration cross section of 21.8 yb for production of 0^^. 
Integrated photodisintegration cross sections were found to be 40 to 50 times the 
above values for the same targets and decay fragments. 
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